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Description 

The present invention re.ates to methods and apparatus tor the manufacture o. product 
and to the products of such methods. In particular, the invention relates to such methods ^W^f^^f 
5 critical fluids to enable the controlled formation of particulate products, such as ; pharmaceut.cal Pr^ ^nple^ 
The use of supercritical flukfs (SCFs) and the properties hereof has been ext £T 22 
instance J W Tom and PG Debenedetti, "Particle Formation with Supercritical Fluids -A Review . J. Aerosol, ba. ^ 
I^TllS?) Brief ly a supercritical fluid can be defined as a fluid at or above its critical pressure (Pc) and critical 
!2np1faSe (TcT»Lusly Such fluids have been of constable interest, not least because of the,r unique prop- 
io erties. These characteristics include: 

Hiah diff usivity. low viscosity and low surface tension compared with liquids. . 
Se compressibility of supercritical fluids compared with the ideal gas - implies large changes .n fluid klenaty ^for 
sS SesTn pnLire which in turn results in highly controllable solvation power. Supercritical fluid densities 
tS£ raS K.9 g/ml under norma. working conditions. Thus, selective extraction with one supercrfcca. 

• ItSy S s2SaWcal fluids are normally gases under ambient conditions, which eliminates the evaporation/concen- 

> K^e^^^^STeate non^ising or nonOegrading atmospheres for sanative 
^ZS^Zow*. <£Te to their inertness and the moderate temperatures used <« 
ditions. Carbon dioxide is the most extensively used SCF due to its cheapness, non-taxioty. non-flammabilrty and 
low critical temperature. 

These characteristics have led to the development of several techniques of extraction and particle formation utilis- 
ing sup^rSd f luids. in particular, two processing methods have been identified for P^e format^ 

Raoid Exoansion of Supercritical Solution (RESS) (see. for instance. J.W. Tom and P.G. Debenedetti. supra) 
invoSe d^Sn of ItSute of interest in the supercritica. fluid, followed by rapkf expansion of the supercntica. 
solution to atmospheric pressure, resulting in the precipitation of particles. . T . , r<? 

GasTnti Solvent (GAS) Recrystallisation (P.M. Gallagher et al. Supercritical Fluid Saence and **^-*F* 
<5 Jfs^OB o334 ( 1 989)) is particularly useful in situations when the solid of interest does not d.ssolve in. or has 
^to^SM fluid or'a modified supercritica. fluid. In this technique, the ^ute^^isdis- 
JTed ra^Sonal sohTent. A supercritical fluid such as carbon dioxide is introduced intothe solution lead ng to 
alS wSH of its volume. As a result the solvent power decreases dramatically over a short penod of time, tr.g- 

^.KSSSSSX to particle formation, have their limjati ons. = -^S t^oduc, 

vield is usually low due to the low solubility of many polar solutes (e.g. many pharmaceutical products) ^supercrrhcal 
S Sder norma, working conditions. This, together with difficulties in collecting the products, makes toe 
ScSqueTme consuming and unattractive as a method of routine particle formation. In practtce. ^f™ ton - » e 
Hqh energy requirements of RESS and its low yield has greatly limited the application of th,s techn.que. 

R^Sn?GAS. the selection of solutes, solvents and the supercritica. fluid requires careful consrf^Jheso^ 
ubilftytf theSute in the sib/supercritical fluid should be low whilst, at the same time, the ^supercritical fluid should 
£oaod the Sent appreciably. These operating criteria, in addition to experimental difficulties and high energy cosfe 
SSSitTS^ - 1-» Problems with product recovery and s^errtr^/re^ng every 
time the system is depressurised; see for instance P.M. Gallagher et. al.. J Supercrrttcal Fluids, 5, 130-142 (1992). 

The HmSoiWtoTRESS and GAS techniques are such that it is generally considered that these approaches to 
routine particle formation should only be used when all conventional methods prove ir«dequate. 

Theconcept of spraying liquid mixtures into supercritical fluids such as carbon dioxide, on *ce verca has been 
employed in extiactionprocedures involving solvents for a decade (see for instance R.J. Uh.ere & J.R. Fair in tnd. Eng. 

Che ^t^S?^^Lr 5.043.280 describes a method for the manufacture of a preparation comprising 
a J2£ZZ£t££Z such as a medically useful substance, and a carrier or «^->* - > 
arable carrier which avoids or lacks a solvent residue, or at least reduces the solvent residue to a toxicolog^ally 
SeS am^um The metlSd essentially involves the use of a fluid, at a supercritical state when .ntroduced into a 
SSeTS extraS a solvent from sprayed so.ution(s) of a substance and a earner, to form a sterile pn*tf Mm, 
SheTulstanS embedded in the carrier. It should be noted, however, that the method has no means for controlling 

^ ^KT^JS^^ Snteuticals. photograph, materials, ceramfcs. explosives and 

dyes lEX ^ .for £££. whereby a product may be obtained with consistent and controlled physical cntena. 
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including particle size and shape, quality of the crystalline phase, chemical purity and enhanced handling and fluidising 
properties. 

In addition, it would be advantageous to be able to prepare micron-sized particles directly without the need to mill 

products to this size range. Such milling leads to associated problems such as increased static charge and enhanced 
5 particle cohesiveness, as well as reduced yield of product. 

There is therefore provided, in a first aspect of the present invention, an apparatus according to claim 1 

As used herein, the term "supercritical fluid" means a fluid substantially at or above its critical pressure (Pc) and 

critical temperature (Tc) simultaneously. In practice, the pressure of the fluid is likely to be in the range 1 .01 Pc - 7.0Pc, 

and its temperature in the range 1 .01Tc - 4.0Tc. 
io The term "vehicle" means a fluid which dissolves a solid or solids, to form a solution, or which forms a suspension 

of a solid or solids which do not dissolve or have a low solubility in the fluid. The vehicle can be composed of one or 

more fluids. 

As used herein, the term "supercritical solution" means a supercritical fluid which has extracted and dissolved a 
vehicle as defined above. 

75 The term "dispersion" means the formation of droplets of the vehicle containing at least one substance in solution 
or suspension. 

The term "particulate product" includes products in a single-component or multi -component (e.g. intimate mixtures 
or one component in a matrix of another) form. 

it will be appreciated that, where necessary, the apparatus of the present invention may additionally comprise a 
20 means for the collection of the particulate product, for example, a means, such as a filter, for the retention of the product 
in the particle formation vessel, thus to reduce loss of the product together with the resultant supercritical solution. An 
alternative means may involve a cyclone separating device. 

In one embodiment of the invention, the apparatus may include means for recovering the fluid mixture remaining 
after particle formation from the particle formation vessel, means for separating the components of the mixture, and 
25 optionally means for recycling one or more of said components back into the apparatus, so as to increase its overall 
efficiency. 

It will be further appreciated that the apparatus may comprise more than one particle formation vessel and/or 
means for the collection of the particulate product, thereby allowing for the substantially continuous operation of the 
apparatus through simple switching from one particle formation vessel or collection vessel to another as required. Such 

30 adaptation for continuous operation represents a further embodiment of the present invention. 

The apparatus described above, and its use, provide the opportunity for manufacturing dry particulate products 
with controlled particle size and shape, by offering control over the working conditions, especially the pressure, utilising, 
for example, an automated back-pressure regulator such as model number 880-81 produced by Jasco Inc. Such an 
improved control eliminates pressure fluctuation across the particle formation vessel and ensures a more uniform dis- 

35 persion of the vehicle by the supercritical fluid, with narrow droplet size distribution during the particle formation proc- 
ess. There is little or no chance that the dispersed droplets will reunite to form larger droplets since the dispersion 
occurs by the action of the supercritical fluid which also ensures thorough mixing with the vehicle and rapidly removes 
the vehicle from the substance(s) of interest, leading to particle formation. 

The simultaneous co-introduction of the vehicle containing at least one substance in solution or suspension and the 

40 supercritical fluid, achievable using the apparatus of the invention, allows a high degree of control of parameters such 
as temperature, pressure and flow rate, of both vehicle and supercritical fluid, at the exact point when they come into 
contact with one another. 

Further advantages for particles formed using apparatus according to the present invention include control over the 
quality of the crystalline and polymorphic phases, since the particles will experience the same stable conditions of tem- 

45 perature and pressure when formed, as well as the potential for enhanced purity. This latter feature can be attributed to 
the high selectivity of supercritical fluids under different working conditions, enabling the extraction of one or more impu- 
rities from the vehicle containing the substance of interest. 

Moreover, the co-introduction of the vehicle and supercritical fluid, leading to simultaneous dispersion and particle 
formation, allow particle formation to be earned out, if desired, at temperatures at or above the boiling point of the vehi- 

so cle, something not possible using known supercritical fluid particle formation techniques. This enables operation in tem- 
perature and pressure domains which were previously inaccessible, which in turn can allow the formation of products, 
or particular forms of products, that previously could not have been achieved. This, together with the high degree of con- 
trol of the operating conditions made possible by the present invention, means that its uses could be extremely wide- 
ranging and its versatility of value in many fields. 

55 A further advantage of the apparatus of the invention is that it can allow particle formation to occur in a completely 
closed environment, i.e. in a closed particle formation vessel. The apparatus can be sealed from the atmosphere, mak- 
ing it easy to maintain sterile operating conditions and reducing the risk of environmental pollution, and it can also be 
kept free of oxygen, moisture or other relevant contaminants. The particle formation vessel can also easily be made 
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liaSTACK: particular use for the preparation of photosensitive products such as for use in the photographic industry. 

t*« m «n R mr th« co-introduction of the supercritical fluid and the vehicle into the particle formafJor . vessel allows 
^-dictionary- -wd ^ concurrent directions of flow, and takes the form of a coaxal nozzle. This ensures no con- 
Zif^J^ particles and the vehicle around the nozzle tip r*zz.e 

inal product size and shape. Extra control over the dispersed droplet size, in addition to that provxiedby the nozzle 
S gn^y be acSed by controlling the flow rates of the supercritical fluid and the vehicle into the part.de £rn«ton 
vesT IK same time, retaining the particles in the vessel eliminates .the potential for con^w* the n** M 
might otherwise take place on depressing the supercritical solution. Such contact would affect the shape and size. 

"* Se prSnt inven.cn. the means for the co-introduc^n of me super*** ,.uid anj It. 

vehicle into the P S£e formation vesse. comprises a nozzle the outlet «d of ^^^J"*^ £££ 
the vessel the nozzle having coaxial passages which terminate adjacent to one another at the outlet end. at least one 
or ^Lges^eSngTcarry a f towof the supercritical fluid, and at least one of the passages serving to carry a flow 

of the vehicle in which a substance is dissolved or suspended. ..„.„,„ mnr . 

Preferably, the opening at the outlet end (tip) of the nozzle will have a diameter ,n the range 0.05 _toJ *™>™** 
preferably beLen CU art! 0.3mm. typically about 0.2mm. The angle of taper of the outlet end v.ll depend on the 
SLsired velocity of the fluids introduced through the nozzle: an increase in the angle may be used, for 'nstanceto 
Sease^evSodty of the supercritical fluid introduced through the nozzle and hence to i^^^^um^phys- 
iC al contad between the supercritical fluid and the vehide. Typically (although not necessarily) the ^Qje of taper w^M 
bTinttm range of about 10- to about 50°. preferably between about 20* and about 40-. more preferably about 30°. The 

nozzle mav be made of any appropriate material, for example stainless steel. 

1 ^embodiment o7thTmvTntion. the nozzle has two coaxial passages, an inner and an outer^ ar^e^e- 
ferred embodiment the nozzle has three coaxial passages, an inner, an intermediate and an outerTh* 'a«er <^gn 
E£ in use of the apparatus, since if necessary two vehicles may be irrtroduced ,r*> 

mation vessel with the supercritical fluid. Improved dispersion and finer P^-des ca n atoo be oWwnjdJ «j£a "JjJ 
is used to introduce a flow of the vehide sandwiched between an inner and an outer flow of the supera.tcalfMds.nce 
SisWes ; that both sides of the vehicle are exposed to the supercritical fluid. It is. however, to be appreciated that the 

nozzle mav have any appropriate number of coaxial passages. 

Serna. diamXs of the coaxial passages may be chosen as appropriate for any partcula. 
ratus Typically the ratio of the internal diameters of the outer and the inner passages may be m the range of from 2 to 
T£S£ between about 3 and 5. Where an intermediate passage is Mud* the ratio of the mternal, «meters of 
the outer and intermediate passages may be in the range of from 1 to 3. preferably between about 4 and 1 .8. 

Particular examples of such coaxial nozzles, and their typical dimensions, are rtlustrated in Figures 3A 3B and_ 4. 
The temperature of the particle formation vessel may be maintained (preferably ±0.1»C) by means of a heating 
jack^S. ^S!SS£i an^en. The pressure of the particle formation vesse. is convenienUy ^nta.n^preferaWy 
Star) * means of a back-pressure regulator. It will be appredated that such apparatus will be^rty available from, 
tor example, manufacturers of supercritical fluid extraction equipment, tor instance from Jasco Inc.. Japan. 
In a second aspect of the present invention, there is provided a method according to claim 8 
In a pSula^eferred embodiment of the second aspect, co-introduction of the supercritical fluKf and the vehi- 
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Description 

instance J W Tom and P.G. Debenedetti. "Particle Formation with Supercrrbcal Flu.ds -A Rev.ew . J. A f™*J°-£ 
^TmitiSn Brief Iv a supercritical fluid can be defined as a fluid at or above its critical pressure (Pc) and cnt.cal 

io erties. These characteristics include: 

* Hiah diffusivitv low viscosity and low surface tension compared with liquids. . .. 

♦ Se cewSity of supercritical fluids compared with the ideal gas - implies large changes .n flu d I den^y 
SfcSeTm pressure which in turn results in highly controllable solvation power. Supercritical flud densities 

« tSSX USSS ^' "° rmal workin9 condi,ions - ^ se,ecfive ex,raclion w one sup 

• Sa^s^Scal fluids are normally gases under ambient conditions, which eliminates the evaporation/concen- 
. ^tiTe"^^^^ non-ox^ing or non^egradng atmospheres for sens^e 

low critical temperature. 

These characteristics have led to the development of several techniques* faction and Iparfde .formation utilis- 
es ino sTe^rmcal fluids. In particular, two processing methods have been identted for par^ fo^abon. 

9 Scansion of Supercritical Solution (RESS) (see. for instance. JW Tom and R <*P^J*^J3 
i JvStt^SoTution of the solute of interest in the supercritical fluid, followed by raprf expanse of the supercntocal 

o olT^ ^wi TiSan ^s oarticularly useful in situations when the solid of interest does not d.ssolve in. or has 

soS ?a «SSta£ sTent A supercritical fluid such as carbon dioxide is introduced ,nto the aoUAon leading to 
rS ^aTon of ^ volume. As a resuH. the solvent power decreases dramatically over a short penod of time, fng- 

htan^e^eq^ents of RESS and its tow yield has greatly limited the application of tnstechniqu^ 

'sSrert aieSaW^ese^erating criteria, in addition to experimental difficulties and high energy costs. 
Z^t^SS*X 2 have^otxems wHh product recovery ^^'^^^7 
«ma the svstem is deoressurised; see for instance P.M. Gallagher et. al.. J Supercritical Fluids. §,130-142 (1992* 

« ^Sttortsof^ESSar^ 

*: __r«M A wma«nn chmild onlv be used when all conventional methods prove inadequate. 
^^^^XZTrr^Z supercritical fluids such as carbon dioxide, or vice versa, has been 
er^Sld^alTp^ocSfu^s involving solvents for a decade (see for instance R.J. Uh,ere * J.R. Fa, ,n Ind. Eng. 

so Cte M^T^^S PaKSer 5.043.280 describes a method for the manufacture of a preparation casing 
a c, substances such as a medically useful substance, and a carrier or carriers, such as a pharmaceut ca ly 

J£^Z£Z£mZ^ Ta solvent residue, or at least reduces the solvent residue to a tox.colog.cally 
nSSS anSrt " T^e meJS essentelly involves toe use of a fluid, at a supercritical state when .ntroduced into a 
SerTeSrS aSvS Sm sprayed solutions) of a substance and a carrier, to form a sterile product a* 

55 ^ne^t^ erieSed in the cSrier. It should be nofed. however, that the method has no means for contro...ng 

1,16 KKeSSC Steals, photographic maters, ceramtos. explosives and 
dy J th^nJed^ S^JL* a proSct may be obtained with consistent and control physK*. cntena. 
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including particle size and shape, quality of the crystalline phase, chemical purity and enhanced handling and f luidising 
properties. 

In addition, it would be advantageous to be able to prepare micron-sized particles directly without the need to mill 

products to this size range. Such milling leads to associated problems such as increased static charge and enhanced 
5 particle cohesiveness, as well as reduced yield of product. 

There is therefore provided, in a first aspect of the present invention, an apparatus according to claim 1 

As used herein, the term "supercritical fluid" means a fluid substantially at or above its critical pressure (Pc) and 

critical temperature (Tc) simultaneously. In practice, the pressure of the fluid is likely to be in the range 1.01 Pc - 7.0Pc, 

and its temperature in the range 1 .01 Tc - 4.0Tc. 
io The term "vehicle" means a fluid which dissolves a solid or solids, to form a solution, or which forms a suspension 

of a solid or solids which do not dissolve or have a low solubility in the fluid. The vehicle can be composed of one or 

more fluids. 

As used herein, the term "supercritical solution" means a supercritical fluid which has extracted and dissolved a 
vehicle as defined above. 

15 The term "dispersion" means the formation of droplets of the vehicle containing at least one substance in solution 
or suspension. 

The term "particulate product" includes products in a single-component or multi-component (e.g. intimate mixtures 
or one component in a matrix of another) form. 

It will be appreciated that where necessary, the apparatus of the present invention may additionally comprise a 
20 means for the collection of the particulate product, for example, a means, such as a filter, for the retention of the product 
in the particle formation vessel, thus to reduce loss of the product together with the resultant supercritical solution. An 
alternative means may involve a cyclone separating device. 

In one embodiment of the invention, the apparatus may include means for recovering the fluid mixture remaining 
after particle formation from the particle formation vessel, means for separating the components of the mixture, and 
25 optionally means for recycling one or more of said components back into the apparatus, so as to increase its overall 
efficiency. 

It will be further appreciated that the apparatus may comprise more than one particle formation vessel and/or 
means for the collection of the particulate product, thereby allowing for the substantially continuous operation of the 
apparatus through simple switching from one particle formation vessel or collection vessel to another as required. Such 

30 adaptation for continuous operation represents a further embodiment of the present invention. 

The apparatus described above, and its use, provide the opportunity for manufacturing dry particulate products 
with controlled particle size and shape, by offering control over the working conditions, especially the pressure, utilising, 
for example, an automated back-pressure regulator such as model number 880-81 produced by Jasco Inc. Such an 
improved control eliminates pressure fluctuation across the particle formation vessel and ensures a more uniform dis- 

35 persion of the vehicle by the supercritical fluid, with narrow droplet size distribution during the particle formation proc- 
ess. There is little or no chance that the dispersed droplets will reunite to form larger droplets since the dispersion 
occurs by the action of the supercritical fluid which also ensures thorough mixing with the vehicle and rapidly removes 
the vehicle from the substance(s) of interest, leading to particle formation. 

The simultaneous co-introduction of the vehicle containing at least one substance in solution or suspension and the 

40 supercritical f luid, achievable using the apparatus of the invention, allows a high degree of control of parameters such 
as temperature, pressure and flow rate, of both vehicle and supercritical fluid, at the exact point when they come into 
contact with one another. 

Further advantages for particles formed using apparatus according to the present invention include control over the 
quality of the crystalline and polymorphic phases, since the particles will experience the same stable conditions of tem- 

45 perature and pressure when formed, as well as the potential for enhanced purity, this latter feature can be attributed to 
the high selectivity of supercritical fluids under different working conditions, enabling the extraction of one or more impu- 
rities from the vehicle containing the substance of interest 

Moreover, the co-introduction of the vehicle and supercritical fluid, leading to simultaneous dispersion and particle 
formation, allow particle formation to be carried out, if desired, at temperatures at or above the boiling point of the vehi- 

50 cle. something not possible using known supercritical fluid particle formation techniques. This enables operation in tem- 
perature and pressure domains which were previously inaccessible, which in turn can allow the formation of products, 
or particular forms of products, that previously could not have been achieved. This, together with the high degree of con- 
trol of the operating conditions made possible by the present invention, means that its uses could be extremely wide- 
ranging and its versatility of value in many fields. 

55 A further advantage of the apparatus of the invention is that it can allow particle formation to occur in a completely 
closed environment, i.e. in a closed particle formation vessel. The apparatus can be sealed from the atmosphere, mak- 
ing it easy to maintain sterile operating conditions and reducing the risk of environmental pollution, and it can also be 
kept free of oxygen, moisture or other relevant contaminants. The particle formation vessel can also easily be made 
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££££ 't^SfSTrJoduced through me nozzle and hence to ^^J^*** 
the supercritical fluid and the vehicle. Typically (although not necessarHy) the angle otteper^n 
SnTJw^SoU W io about 50°. preferabty between about 20- and about 40°. more preferably about 30°. The 
nozzle mav be made of any appropriate material, for example stainless steel. „ rWh - r nro 

In r e er^mem7thTinvention. the nozzle has two coaxial passages, an .nner and an atota 

" a StaJ Preferred embodiment of the second aspect, co-introduction of the supercrifcca. fM and thevehj- 

of the s^rrf aspect s J"™^ lui 5sTfte present invention include carbon dioxide, nitrous ox.de, sul- 

^^S'^Z^^^^ ^ - trHluoromethane. Par.cu.arfy preferred is car- 



bon dioxide. 

45 



50 



55 



^ SS.ercrhicaJ fluid may optionally contain one or more modifiers, for example. 

anol isopropand or acetone. When used, the modifier preferably consttutes not more than 20%. and more partcularty 
confute, be = 1^nd ^^^SSS « the art. A mod«ier (or co-sotvent) may be descrfced 
as ^*2^?^^**«^. ^nges the infringe properties of the supercritica. flu* m or 

^T^belSSaid that the choice of vehide for the substance(s) of which the product is to be formed will be 

sulfate combination of supercritical fluid, modifier (where desired) and veh,cle for any des.red product will be well 
within the capabilities of a person of ordinary skill in the art in rt For axanwle 

In onesmbodiment of the present invention, the product to be formed is a pharmaceutcal c0 ^ n ^!f^' 
as iBt^dSerSesolid may be salmeterol xinafoate. in which case a suitable solvent may be. for 
SdXT^n^etone or any mixture thereof. However, the product may in fact be any des.red particulate 
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product, for instance a product of use in the ceramics, explosives or photographic industries; a foodstuff; a dye; etc... 

Control of parameters such as size and shape in the particulate product will be dependent upon the operating con- 
ditions used when carrying out the method of the invention. Variables include the flow rates of the supercritical fluid 
and/or the vehicle containing the substance(s), the concentration of the substance(s) in the vehicle, and the tempera- 
5 ture and pressure inside the particle formation vessel. 

It will also be appreciated that the precise conditions of operation will be dependent upon the choice of supercritical 
fluid and whether or not modifiers are present. Table 1, for instance, lists the critical pressures and temperatures for 
some selected fluids: 

10 

Table 1 



Fluid 


Pc (bar) 


Tc(°C) 


carbon dioxide 


74 


31 


nitrous oxide 


72 


36 


sulphur hexaf luoride 


37 


45 


xenon 


58 


16 


ethylene 


51 


10 


chlorotrifluoromethane 


39 


29 


ethane 


48 


32 


trifluoromethane 


47 


26 



25 

In practice, it may be preferable to maintain the pressure inside the particle formation vessel substantially in excess 
of the Pc (for instance. 1 00-300 bar for carbon dioxide) whilst the temperature is slightly above the Tc (e.g. 40-60°C for 
carbon dioxide). 

so The flow rates of the supercritical fluid and/or the vehicle may also be controlled so as to achieve a desired particle 
size, shape and/or form. Typically, the ratio of the vehicle flow rate to the supercritical fluid flow rate will be between 
0.001 and 0.1 , preferably between 0.01 and 0.07, more preferably around 0.03. 

The method of the invention preferably additionally involves collecting the particulate product following its forma- 
tion. It may also involve recovering the supercritical solution formed, separating the components of the solution and 
35 recycling one or more of those components for future use. 

The present invention will now be described, by means of examples, with reference to the accompanying illustrative 
figures, in which: 

Figure 1 shows a schematic design of an apparatus according to the first aspect of the present invention. 

40 

Figures 2A and 2B show schematic designs of alternative apparatuses according to the first aspect 

' v 

Figure 3A shows a cross-section of a coaxial nozzle for use in the apparatus of the present invention. 

45 Figure 3B shows a longitudinal section of the tip of the coaxial nozzle of Figure 3A. 

Figure 4 shows a longitudinal section of the tip of an alternative coaxial nozzle for use in the apparatus of the inven- 
tion. 

so Figure 5 is a differential scanning calorimetry (DSC) profile of conventionally crystallised salmeterol xinafoate. 

Figure 6 is a DSC profile of Polymorph I of salmeterol xinafoate, as prepared in Example 2. 

Figure 7 is an X-ray powder diffraction (XRD) pattern of Polymorph I of salmeterol xinafoate, as prepared in Exam- 
55 pie 2. 

Figure 8 is a DSC profile of Polymorph II of salmeterol xinafoate. as prepared in Example 2. 
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Figure 9 is an expanded XRD pattern of Polymorph II of salmeterol xinafoate, as prepared in Example 2. 

Figures 10 to 13 are DSC profiles and XRD patterns showing a mixed phase status of Polymorph I and II of salm- 
eterol xinafoate. obtained by varying the operating conditions in Example 2. 

Figures 14 to 18 are scanning electron microscopy (SEM) photographs of salmeterol xinafoate. as prepared in 
Example 3. 

Figures 19 to 21 are SEM photographs of salmeterol xinafoate. as prepared in Example 4. 

Figure 22 is a DSC profile of salmeterol xinafoate deposited onto silicon dioxide fumed particles, as prepared in 
Example 5. 

Rgure 23 is a DSC profile of salmeterol xinafoate. as prepared in Example 5. for comparison. 

Figure 24 is an XRD pattern of salmeterol xinafoate deposited onto silicon dioxide fumed particles, as prepared in 
Example 5. 

Figure 25 is an XRD pattern of salmeterol xinafoate. as prepared in Example 5. for comparison. 

Figure 26 is a longitudinal cross-section through a particle formation vessel for use in apparatus according to the 
first aspect of the present invention. 

Figures 27A-F show the components of the vessel of Figure 26. 

Figures 28 and 29 are SEM photographs of salmeterol xinafoate. prepared according to Example 6. 
Figure 30 is an XRD pattern for the salmeterol xinafoate prepared according to Example 6. 

Figures 31-33 are graphs showing the effects of operating conditions on product particle size, when carrying out a 
method in accordance with the invention. 

Figure 34 is an XRD pattern for salmeterol xinafoate prepared according to Example 8. 

Figures 35 and 36 are XRD patterns for matrices of salmeterol xinafoate and hydroxypropylcellulose prepared 
according to Example 10. 

Figures 37 and 38 are HPLC chromatograms for pure salmeterol xinafoate and pure salicylic acid respectively, as 
used in Example 1 3. 

Rgure 39 is a HPLC chromatogram for the sample of salmeterol xinafoate and salicylic acid used in Example 13. 

Figure 40 is a HPLC chromatogram for the product prepared according to Example 13. 

Figure 41 is an SEM micrograph of lactose prepared according to Example 14. at 270 bar and 70°C. 

Figure 42 is an XRD pattern for the sample shown in Figure 41. 

Rgure 43 is an SEM micrograph of lactose prepared according to Example 14. at 150 bar and 50°C. 
Rgure 44 is an XRD pattern for the sample shown in Figure 43. 

Figures 45 and 46 are XRD patterns for matrices of salmeterol xinafoate and hydroxypropylcellulose prepared 
according to Example 16. 

Rgures 47 and 48 are SEM photographs of salmeterol xinafoate produced according to Example 17. 

There follows a detailed description of preferred embodiments of the present invention with reference to Figures 1- 
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4. Figures 1 and 2 are simplified diagrammatic flow sheets of apparatus according to the present invention, and Figures 
3 A, 3B and 4 show nozzles which may be used therein. 

Referring f irstly to Figure 1 , the apparatus shown includes a particle formation vessel 6. This is typically a standard 
reaction vessel, for instance of the type available from Keystone Scientific Inc., of an appropriate capacity for the par- 
ticular use to which it is to be put. The temperature and pressure of the vessel are maintained at a constant desired 
level, by means of an oven 7 and back-pressure regulator 8, respectively. 

In use, the system is initially pressurised and stable working conditions are met A suitable gas, for example, carbon 
dioxide, is fed from source 1 via conduit 1 1 to a cooler 2, to ensure liquification, and is fed by conduit 12 to a pump 4. 
From there it is fed by conduit 1 3 to the vessel 6 via a nozzle 20. A solution or dispersion of a solid of interest, for exam- 
ple, saJmeterol xinafoate, in a suitable vehicle, for example methanol, is drawn from source 5 by a conduit 14 to a pump 
3 and is fed by conduit 1 5 to the vessel 6 via nozzle 20. 

The nozzle 20 may be as shown in either Figure 3 (A and B) or Figure 4. That shown in Figure 3 comprises coaxial 
inner and outer tubes 30 and 40, respectively. These define an inner passage 31 and an outer passage 41 . The tubes 

30 and 40 have conically tapering end portions 32 and 42, respectively. The tips of the end portions 32 and 42 define 
respective orifices 33 and 43, with the orifice 43 being a short distance downstream of the orifice 33. As indicated in 
Figure 3B, the angle of taper of the end portion 42 is about 30° in this (non-limiting) example. 

The alternative nozzle illustrated in Figure 4 comprises three coaxial tubes 50, 60 and 70 which define an inner 
passage 51 . an intermediate passage 61 and an outer passage 71 respectively. Tubes 60 and 70 have conically taper- 
ing end portions 62 and 72, the angle of taper of the end portion 72 being about 30° in this example. 

The nozzle of Rgure 4 allows three fluids to be introduced into the vessel 6 at the same time, leading to greater 
versatility in use of the apparatus. For instance, it is possible to add through one of the three passages a desired carrier 
or other additive intended to form part of. or be mixed with, the final particulate product. The additive is then dispersed 
simultaneously with the substance of primary interest. Also, in situ reactions may be carried out immediately prior to dis- 
persion by the supercritical fluid, by introducing two or more reactants in two separate vehicles through two of the noz- 
zle passages, the reaction occurring at the passage outlets either immediately prior to, or on, dispersion. 

Alternatively, the nozzle of Rgure 4 may be used to introduce a flow of the vehicle (passage 61) sandwiched 
between an inner and an outer flow of the supercritical fluid (passages 51 and 71). This leads to improved dispersion 
of the vehicle, and hence to greater control over, and uniformity of, particle size in the final product; indeed it makes pos- 
sible the formation of finer products than may be achieved using a two-passage nozzle. 

In the nozzle shown, inner tube 50 has an internal diameter of 0.25mm; intermediate tube 60 has an internal diam- 
eter of 0.53mm; and outer tube 70 has an internal diameter of 0.8mm and an outside diameter of 1 .5mm. The tip open- 
ing (73) has an internal diameter of 0.2mm. The tubes are all made of stainless steel. 

However, the nozzle may be made of any appropriate material and have any suitable dimensions. For instance, the 
internal diameters may be in the ranges 0.05 - 0.35mm (inner); 0.25 - 0.65mm (intermediate); and 0.65 - 0.95mm 
(outer), preferably between 0.1 and 0.3mm (inner); 0.3 and 0.6mm (intermediate); and 0.7 and 0.9 mm (outer). The tip 
opening is likely to have an internal diameter in the range 0.1 - 0.3 mm, preferably between 0.18 and 0.25 mm. 

In the apparatus of Figure 1 , the supercritical fluid is fed under pressure (at a high flow rate when compared with 
the flow rate of the vehicle) through for example the inner nozzle passage 31 of the nozzle shown in Figure 3, and the 
solution or suspension of the solid of interest in a vehicle (hereinafter referred to as the "liquid") is simultaneously fed 
under pressure through the outer passage 41 . It is believed that the high velocity supercritical fluid emerging from the 
orifice 33 causes the liquid emerging from the end of the outer passage 41 to be broken up into droplets from which the 
vehicle is substantially simultaneously extracted by the supercritical fluid to result in the formation of particles of the 
solid previously held in the vehicle. It is to be understood, however, that although it is believed that this is what occurs, 
we do not wish to be bound by this theoretical explanation, and the actual physical processes occurring may not be pre- 
cisely as just indicated. 

Also, although a configuration has been described in which the supercritical fluid passes through the inner passage 

31 and the vehicle passes through the outer passage 41 , the configuration may be reversed, with the supercritical fluid 
in the outer passage 41 and the vehicle in the inner passage 31 . Similarly, in the nozzle of Rgure 4, any one of the three 
passages may be used to carry any one of a number of desired fluids, as appropriate. 

The nozzle 20 ensures dispersion of the vehicle containing the solid of interest by the shearing action of the high 
velocity supercritical fluid, and also thorough mixing of the dispersed vehicle with the supercritical fluid which simulta- 
neously extracts the vehicle from the dispersed liquid, resulting in substantially immediate particle formation of the solid 
of interest. Because the supercritical fluid and vehicle are introduced coaxially, and dispersion occurs substantially 
simultaneously with vehicle extraction, a very high degree of control is possible of the conditions (e.g. pressure, tem- 
perature and flow rate) affecting particle formation, at the exact time when it occurs. 

The particles formed are retained in the particle formation vessel by collecting means 21. The resultant supercriti- 
cal solution is fed by conduit 16 to a back-pressure regulator 8 and is then fed by conduit 17 to a separation vessel 9 
where it expands to cause the supercritical fluid to separate as a gas from the liquid vehicle. The gas may be fed by 
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conduit 18 to a tank 10 and returned by conduit 19 to the cooler 2. The vehicle may also be collected for subsequent 
re-use. Means, not shown, may be provided to smooth the flow pulse of fluids produced by pumps 3 and 4. so as to 
eliminate, or at least reduce, any flow pulsations. 

When sufficient particle formation has occurred in the vessel 6. it is flushed through with clean, dry supercrrtical 
fluid, so as to ensure removal of any residual vehicle. The vessel can then be depressurised and the particulate product 
rem o ved 

The alternative apparatuses shown schematically in Figures 2A and 2B are for use in continuous particle formation. 
That shown in Figure 2A includes two particle formation vessels 6a and 6b. each of the type shown in Figure 1 and each 
including an inlet nozzle 20 and a particle collecting means (such as a f itter) 21 . Oven 7 serves both vessels. 

In the apparatus of Figure 2A, valve A controls trie supply of the supercrrtical fluid and the vehicle (containing the 
substance of interest) to the two vessels 6a and 6b. and one-way valves E and F control the outlets from the two vessete 
to the back-pressure regulator 8. Valve D controls the supply of the vehicle to valve A. Valves B and C are needle 
valves, and items 80 and 81 are vents. 

The apparatus may be "continuously- operated as follows. Valve A is firstly set to supply fluids to vessel 6a. .n which 
particle formation is allowed to occur, as described in connection with Figure 1. Valve E is set so that the resultant 
supercritical solution may drain from vessel 6a to the back-pressure regulator 8 for subsequent recycling. 

When sufficient particle formation has occurred, valve D is closed to stop the flow of vehicle, wh.lst the supercrrtical 
fluid continues to flow through vessel 6a to dry (flush) the product. Valve A is then set to supply fluids to the empty ves- 
sel 6b and valve D reopened, whilst valve B is opened so as slowly to depressurise vessel 6a. One-way valve E elim- 
inates' any chance of a back-flow from vessel 6b or of disruption of the particle formation process now occurring in 
vessel 6b. Vessel 6a is removed for collection of the product, and then refitted and re-pressurised ready for re-use. 
Supercritical solution drains from vessel 6b via valve F. which is set appropriately. 

Once particle formation in vessel 6b is complete, the valves are set back to allow it to continue in vessel 6a. whilst 
6b is flushed and emptied. In this way. particle formation in the apparatus can continue uninterrupted. 

The apparatus shown in Figure 2B includes only one particle formation vessel 6. which does not contain any par- 
ticle collecting means, and two particle collection vessels 25a and 25b downstream of vessel 6. The supercritical fluid 
canies the formed particles to the collection vessels 25a and 25b. 

The apparatus also includes an inlet nozzle 20. two vents 26. a back pressure regulator 27. an oven 7 and valves 
A - H Supercritical fluid and solution (vehicle) are fed to the nozzle 20 where shown. 

The apparatus might be used as follows. Initially, (valves C.D.E and F closed) the system is pressurised and stabte 
working conditions are met; valves B and H are then closed, driving the flow of supercritical fluid through valve A only. 
The vehicle and substance of interest are introduced into vessel 6 and the particles formed are transported by the 
supercrrtical fluid via valve A to collection vessel 25a which contains a particle retention device The retention device is 
placed at the outlet of the vessel to ensure maximum collection volume. The solid-free supercritical solution (thesuper- 
critical fluid and the vehicle) flows across valve G to the back pressure regulator 27. On emerging from the back pres- 
sure regulator the supercrrtical solution expands into a large pressure resistant vessel (not shown), where the vehicle 

separates from the gas and both can be recycled. , . . 

When the collection vessel 25a is full, switching takes place, closing valves A and G and simultaneously opening 
valves B and H This allows the flow of the supercrrtical solution, emerging from vessel 6. into the second collection ves- 
sel 25b Valves C and G are opened after flow switching to ensure a high flow of supercritical fluid to flush the full col- 
lection vessel 25a. i.e. the supercritical solution volume is replaced by a supercritical fluid volume. It is estimated that 
1-2 times the volume of the collection vessel, of the supercritical fluid, ensures a dry powder. The flushing time re gen- 
erally short owing to the fact that the particles are occupying the volume of the collection vessel. After flushing, valves 
C and G are closed and valve F (a needle valve) is slowly opened to depressurise the full collection vessel 25a. Since 
the paniculate product takes up the vessel volume only a small amount of supercritical fluid is discharged, mainly the 

internal volume of the fittings involved. _ 
The full collection vessel 25a is removed and the dry powder collected. After refitting and repressunsing via valve 
C. the vessel is ready for re-use as soon as the second collection vessel 25b. which has meantime been collecting prod- 
uct from vessel 6, is full. 

The benefits of using the apparatus of Figure 2B include: 

1 The elimination of depressurising and pressurising steps of the reaction vessel every time product is collected. 
This could mean considerable reductions in the amounts of fluids being discharged, in particular when using a 
large volume particle formation vessel (scaling up) or expensive high purity gases. 

2 Significant time saving during the flushing (drying) procedure. In a batch particle formation process only a rather 
small volume of the reaction vessel is occupied by the product and the remaining volume (where dispersion takes 
place) is taken up by the supercritical solution. This mixture will eventually be replaced by at least the same volume 
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of the supercritical fluid in the flushing procedure, which can therefore take a long time when scaled up. 

3. The environment and workers are less exposed to the products during the recovery step. In some cases it is dif- 
ficult to collect products directly from a large reaction vessel due to handling inconvenience or because the prod- 
ucts of interest are light, oxygen or humidity sensitive which might affect their characteristics or purity. 

It is to be understood that the apparatuses of both Figures 2A and 2B are within the scope of the present invention, 
and that they may both be used to carry out the method of the invention. 

The invention will now be further illustrated by the following non-limiting examples. 

Examples 1-5 (Introduction) 



Examples 1-8 and 17 relate to the preparation of the compound 4-hydroxy-a 1 -[[[6-(4-phenylbu- 
toxy)h exyl]ami no] methyl]- 1 ,3 -benzenedi methanol (sal meterol), 1 -hydroxy-2-naphthalenecarboxylate(xinafoate) using a 
75 method and apparatus according to the present invention. Sal meterol xinafoate is a pharmaceutical generally delivered 
by inhalation methods, which needs to be prepared in a crystalline form. The present invention, as illustrated below, 
may be used to prepare the pharmaceutical in an easily handled and easily fluidised crystalline form, with a controlled 
particle size and shape, with extremely high purity and in a particular desired polymorphic form. 

Conventionally crystallised salmeterol xinafoate, even after micronisation (fluid milling), exists in a form with poor 
20 flow characteristics, for example it is cohesive and statically charged, which results in difficulties in handling the drug 
substance in pharmaceutical formulation processes. 

In contrast, the present invention may be used to prepare salmeterol xinafoate in a form with a dynamic bulk density 
of less than 0.1 g.crrf 3 , for instance in the range between 0.01 and 0.1 g.cm 3 , in particular between 0.01 and 0.075 
g.cm' 3 . 

25 The dynamic bulk density (W) is indicative of a substance's f luidisability and is def ined as: 

100 

- ■ 

30 

where P is the packed bulk density (g.cm" 3 ), A is the aerated bulk density (g.cm' 3 ) and C is the compressibility (%) 
where C is calculated by the equation: 

35 C=^X100 



Clearly, therefore, a low figure for W corresponds to a high degree of f luidisability. 

Thus, when compared against conventionally crystallised salmeterol xinafoate, both before and after micronisation, 
40 salmeterol xinafoate prepared using the present invention exhibits a significantly lower dynamic bulk density than the 
conventionally crystallised salmeterol xinafoate (see Table 2 in Example 1 below). 

It will be appreciated that in the case of an inhaled pharmaceutical, such as salmeterol xinafoate. it is particularly 
desirable to produce a drug substance which is readily fluidisable, thereby potentially improving its inhalation proper- 
ties. 

45 The salmeterol xinafoate prepared using the present invention is also observed to have improved handling and f lu- 
idising characteristics compared with conventionally crystallised salmeterol xinafoate. Furthermore, its particle size and 
shape can be readily controlled, as illustrated by the electron-micrographs accompanying the examples. 

it has also been found that conventionally crystallised salmeterol xinafoate. when studied by differential scanning 
calorimetry (DSC), shows a transition between two forms (hereinafter "Polymorph I" and "Polymorph II") occurring 
so between 120 and 140°C. A DSC profile for conventionally crystallised salmeterol xinafoate showing the characteristic 
two peaks for Polymorphs I and II is shown in Figure 5. 

However, using the present invention, and as described below, salmeterol xinafoate may be prepared in the form 
of pure Polymorph I, characterised by a single endotherm at about 123.5°C recorded by DSC - see Figure 6 and Exam- 
ple 2. Similarly, it may be prepared in the form of pure Polymorph II. characterised by a single endotherm at about 
55 135.8*C recorded by DSC - see Figure 8 and Example 2. Mixtures of the two polymorphs, in controlled proportions, 
were also achieved in Example 2. 

The prepared polymorphs are also stable, meaning that there is no transition from one polymorph to another 
observed under the DSC conditions. 
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Examples 1-5. illustrating the preparation of such forms of salmeterol xinafoate and their physical properties, were 
carried out using apparatus substantially the same as that illustrated in Figures 1-4, using a 32 ml particle formation 
vessel and a two-passage coaxial nozzle having the following dimensions: 





outer diameter 


inner diameter 


outer tube: 
inner tube: 


1.58mm 
0.63mm 


0.75mm 
0.20mm 



The tip orifice (43 in Figure 3B) was 0.32mm in diameter, and both the inner and outer tubes were made of stainless 
steel. 



Conventionally crystallised salmeterol xinafoate. both before and after micronisation, was compared against salm- 
eterol xinafoate prepared using the method of the present invention, as described above. For sample 1 , the conditions 
used were a 0.63% w/v solution of salmeterol xinafoate in acetone, 300 bar and 45°C. For sample 2, the conditions 
were a 0.50% w/v solution of salmeterol xinafoate in acetone. 100 bar and 55°C. In each case, the solution flow rate 
was 0.4 ml/min, and supercritical C0 2 was co-introduced into the particle formation vessel at a flow rate of 9 ml/nun. 

The dynamic bulk densities for all the samples are shown below in Table 2: 



Table 2 



Sample 


Dynamic Bulk Density 
W (g.cnr 3 ) 


conventionally crystallised salmeterol xinafoate (non-micronised) 


0.312 


| conventionally crystallised salmeterol xinafoate (micronised) 


0.137 


salmeterol xinafoate prepared using the present invention (sample 1) 


0.033 


salmeterol xinafoate prepared using the present invention (sample 2) 


0.059 



(The conventionally crystallised salmeterol xinafoate was prepared using the methodology described in interna- 
tional Patent Specification No. WO 92/09557.) 



Example 2 

Control of Formation of th e Polymorphs of Salmeterol Xinafoate 

A solution of salmeterol xinafoate in methanol (0.6% w/v) was co-introduced into the particle formation vessel with 
C0 2 at 300 bar and 45°C via a coaxial nozzle. A dry, easily handlable powder without significant static charge was 
formed. The product was characterised by differential scanning calorimetry (DSC) and by X-ray powder diffraction 
(XRD), and data are shown in Figures 6 and 7. A highly crystalline product with well def ined melting point (peak heat 
flow = 123.5°C) was obtained. Major intensities in the XRD pattern were observed at 4.2. 17.3 and 24.5 degrees 2 
theta. This material was defined as Polymorph I. 

In another experiment, a solution of salmeterol xinafoate in acetone (0.6% w/v) was co-introduced into the particle 
formation vessel with C0 2 at 250 bar and 90°C. A dry. easily handlable powder without signif icant static charge was 
formed The data from DSC and XRD are shown in Figures 8 and 9. A second polymorph was obtained, defined as Pol- 
ymorph II. This form was crystalline with a well defined melting point (peak heat flow = 135.8°C). A different XRD pat- 
tern from Polymorph I was obtained with a new major intensity at 2.9 degrees 2 theta. The change in working conditions 
led to the formation of a pure, higher melting point phase (Polymorph II) which had previously only been observed, in 
prior known methods of preparing salmeterol xinafoate, after heating Polymorph I at temperatures which caused heat 

induced transition. . 

Controlled formation of mixtures of Polymorph I and Polymorph II was also achieved by varying the working condi- 
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tions. DSC and XRD data (see Figures 10 to 13) confirm the mixed phase status of these products with increasing Pol- 
ymorph II component as the working temperature was increased. 

Example 3 

Control of Particle Size and Size Distribution 

A solution of salmetero! xinafoate in acetone (0.6% w/v) was co-introduced into the particle formation vessel with 
C0 2 at 200 bar and 55° C. A series of products was obtained by changing the flow rate ratio of salmeterol xinafoate solu- 
tion/supercritical C0 2 , where the flow rate ratio is defined as: 

(flow rate of vehicle containing the solute) 
(flow rate of supercritical fluid) 



The flow ratio was changed between 0.01 and 0.07, with a flow rate of 9ml/min for the supercritical C0 2 . 

The resultant dry, easily handlable products without significant static charge were examined by scanning electron 
microscopy (SEM) and by laser diffraction (Malvern Mastersizer E) for particle size analysis (see Figures 14 to 17). It 
was found that by decreasing the flow rate ratio of salmeterol xinafoate solution/ supercritical C0 2 , finer particles could 
be obtained (see Figures 14 and 15) than for higher fluid flow rate ratios (see Figures 16 and 17). The particle size anal- 
ysis data is shown in Table 3 below. 



Table 3 





Mean Particle 
Size(iim) 


%<5*im 


%<10nm 


Uniformity 
Index 


Conventionally crystallised salmeterol 
xinafoate (micronised) 


1-3 


Typically >90 


Typically >95 


13.1 


Salmeterol xinafoate prepared using the 
present invention (sample 1) 


3.85 


66.0 


94.5 


10.2 


Salmeterol xinafoate prepared using the 
present invention (sample 2) 


18.84 


5.7 


16.1 


19.2 



The uniformity index is defined as: 



r particle size at 10% cumulative undersize i 
[particle size at 90% cumulative undersize J 



In another experiment, a solution of salmeterol xinafoate in isopropanol (0.2% w/v) was co-introduced into the par- 
ticle formation vessel with C0 2 at 150 bar and 60°C. The dry, easily handlable product without significant static charge 
was examined by SEM (see Figure 18) and found to be composed of needle shaped particles with a maximum particle 
dimension of up to 300 microns. 

Thus, by controlling and changing the working conditions of the particle formation process of the present invention, 
salmeterol xinafoate products composed of particles with different particle sizes and size distributions were produced. 

Example 4 

Control of Particle Shape 

A solution of salmeterol xinafoate in 96% ethanol (0.8% w/v) was co-introduced into the particle formation vessel 
with C0 2 at 300 bar and either 50°C or 60°C. The dry, easily handlable products without significant static charge were 
examined by SEM. The product obtained at 50°C was composed of blade-like shaped particles with reduced elongation 
(see Figure 19) compared with the acicular, needle shaped particles produced at 60°C (see Figure 20). 

In another experiment, a solution of salmeterol xinafoate in acetone (0.6% w/v) was co-introduced into the particle 
formation vessel with C0 2 at 200 bar and 50°C. The dry, easily handlable product without significant static charge was 
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examined by SEM (see Figure 21) and the particles were found to be plate-like microcrystalline accretions. 

Thus by controlling the working conditions of the particle formation process, salmeterol xinafoate products having 
different particle shapes may be produced. 

Example 5 

Formation of Particles with Salmeterol Xinafoate Deposited onto a Solid Su bstrate 

A solution of salmeterol xinafoate in methanol (0.6% w/v), also containing a dispersion of silicon dioxide fumed B.R 
(0.06% w/v). was co-introduced with C0 2 at 300 bar and 45°C into the particle formation vessel. A second methanol 
solution, as above but without dispersed silicon dioxide fumed B.R. was similarly co-introduced into the particle forma- 
tion vessel under equivalent working conditions. The resultant dry. easily handlable powdered products without signifi- 
cant static charge were examined by differential scanning calorimetry (DSC) (see Figures 22 and 23) and X-ray powder 
diffraction (XRD) (see Figures 24 and 25). The DSC prof ile for the sample with salmeterol xinafoate deposited onto the 
silicon dioxide fumed particles (Figure 22) showed a wider melting endotherm with a lower peak heat flow temperature 
than that for the salmeterol xinafoate sample without silicon dioxide fumed, prepared under equivalent conditions (Fig- 
ure 23). The XRD pattern for the sample with salmeterol xinafoate deposited onto the silicon dioxide fumed particles 
(Figure 24) exhibited reduced crystallinity, as indicated by the reduction in measured intensity values, compared to that 
for the salmeterol xinafoate sample without silicon dioxide fumed prepared under equivalent conditions (Figure 25). 

These data indicate the deposition of salmeterol xinafoate onto silicon dioxide particle substrates, using the method 
of the present invention, with changes in the degree of crystallinity of salmeterol xinafoate, compared with samples of 
salmeterol xinafoate prepared under equivalent working conditions without silicon dioxide particles as a solid substrate. 
The example illustrates how the invention may be used to prepare multi-component particulate products, in this case 
containing a substance of interest on a carrier substrate. 

Example 6 

Use of Lamer Scale Apparatus 

Figures 26 and 27 A - F show the construction of a relatively large-scale particle formation vessel 90 which may be 
used in apparatus according to the present invention. The vessel includes an inner reaction chamber 91 and vessel wall 
92 and a screw-threaded end cap 93 engageaWe with the upper end of wall 92. A lid 94 has a central opening 95 for a 
nozzle assembly and a peripheral opening 96 for an outlet, which will contain a particle retaining device (e.g. a filter). 

In the Figure 27. A - C show the main vessel with its outer wall 92; D shows the end cap 93; E shows the lid 94 and 
F an O-ring seal 97 used to seal the upper end of the reaction chamber 91 . Dimensions in mm are shown for the various 
components. 

Vessel 90 was used with a two-passage nozzle to carry out the method of the present invention to produce salme- 
terol xinafoate. Two SEM photographs (Figures 28 and 29) and an X-ray powder diffraction pattern (Figure 30) are pro- 
vided for the sample obtained. Operating conditions were a 1 .25% w/v solution of salmeterol xinafoate in acetone, at 

100barand60°C. ^ . tl , { . . . ^ 

Clearly, the present invention may be carried out using relatively large-scale apparatus and still be effective in the 

controlled formation of particle products. 
Example 7 

Effect of Operating Conditions on Particle Size 

The invention was carried out in a similar manner to that described in Examples 1 - 5. using a particle formation 
vessel of 50 ml capacity and a two-passage nozzle, in order to produce particles of salmeterol xinafoate. The effects of 
changing temperature, pressure and supercritical fluid flow rate, on the mean size of the product particles, were inves- 
tigated. The results are shown in Figures 31 - 33. 

Figure 31 is a graph of mean particle size diameter (microns), measured using the Malvern sizing technique, ver- 
sus temperature (°C) in the particle formation vessel. The salmeterol xinafoate was precipitated at 300 bar from ace- 
tone. The quoted flow rates represent acetone/salmeterol solution flow rates at a constant C0 2 flow of 9 mlAnin. 

Figure 32 shows the effect of vessel pressure on particle size at four different temperatures. Row rates were 0.1 
ml/min for the acetone solution and 9 ml/min for the C0 2 - 

Figure 33 shows a graph of C0 2 ("SF") flow rate versus particle size, the salmeterol xinafoate being precipitated 
from acetone at an acetone/salmeterol solution flow rate of 0.3 ml/min and a 1 .25% w/v concentration. The operating 
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temperature was 60°C, the pressure 120 bar. 

Example 8 

5 Use of Three- Passage Nozzle 

The above examples were all carried out using apparatus similar to that shown in Figure 1 , and a two-passage inlet 
nozzle of the type shown in Figures 3A and 3B. In contrast, the present example was carried out using a three-passage 
inlet nozzle of the type shown in Figure 4, having the following dimensions: 

10 





External diameter 


Internal diameter 


Outer tube 70 
Intermediate tube 60 
Inner tube 50 


1.54 mm 
0.70 mm 
0.30 mm 


0.75 mm 
0.35 mm 
0.15 mm 


Nozzle opening: 0.22 mm internal diameter. 



All tubes of the nozzle were made of stainless steel. The particle formation vessel used had a capacity of 32 ml. 
A sample of salmeterol xinafoate was prepared from a 0.5% w/v acetone solution at 200 bar and 50° C, using an 
acetone/sal meterol solution flow rate of 0.2 ml/mi n through the intermediate nozzle passage, and a C0 2 flow rate 
25 through the inner and outer nozzle passages of 5 ml/min. Figure 34 shows X-ray data for the sample obtained. 
Other samples have been prepared using the same three-passage nozzle. 

Example 9 

30 Preparation of Particulate Polystyrene 

This example illustrates the use of the present invention to prepare particulate samples of polymers. 

A polystyrene powder (molecular weight 280,000, Aldrich Chemicals) was dissolved in toluene to prepare a 0.18% 
w/v solution. Apparatus similar to that shown in Figure 1 . using a two-passage nozzle and a 50 ml particle formation 
35 vessel, was operated at 100 bar and 40°C using C0 2 at a flow rate of 7 ml/min and a toluene/polystyrene solution flow 
rate of 0.2 ml/min. A fine, white powder was obtained as a product. 

A similar product was obtained using a second polystyrene powder (molecular weight 450,000, Aldrich Chemicals) 
as the starting material. 

40 Example 1Q 

Preparation of a Salmeterol Xinafoate and Polvmer Matrix 

An acetone solution containing 0.45% w/v of salmeterol xinafoate and 0.05% w/v hydroxypropylcellulose (Klucel 
45 SL) was prepared and fed into apparatus similar to that shown in Figure 1, using a two-passage nozzle and a 50 ml 
particle formation vessel. The operating conditions were 120 bar and 60°C, with flow rates of 0.4 ml/min for the saime- 
terol/polymer solution and 9 ml/min for the supercritical C0 2 . A fine, white powder containing 10% w/w hydroxypropyl- 
cellulose in salmeterol xinafoate was obtained as a product. 

A product of similar appearance, but containing 20% w/w hydroxypropylcellulose, was also prepared from a second 
so solution, using the same operating conditions as for the first product 

Figures 35 and 36 are X-ray powder diffraction patterns for the first and second samples respectively. Increasing 
disturbance of the crystalline salmeterol xinafoate can be seen with increasing hydroxypropylcellulose content, confirm- 
ing the inclusion of the polymer matrix material into the sample. 

This example thus illustrates how the present invention may be used to prepare multi-component particles, in this 
55 case of a pharmaceutical with a polymer matrix. The incorporated second component may be a pharmaceutically 
acceptable carrier such as a polymer (eg. starch or hydroxypropylcellulose), silicon dioxide, sorbitol, mannitol or lac- 
tose. It may be used to modify the dissolution performance or other properties of a drug or similar substance. 
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Example 1 1 



Preparation o f Cobaltous Nitrate 

This example demonstrates the use of the present invention to prepare particulate inorganic, as well as organic, 
products. This suggests the usefulness of the invention in preparing, for example, dyestuffs. explosives, photographic 
materials and other inorganic products where improved control over particle properties may be required. 

A 0 25% w/v solution of cobaltous nitrate (Co(N0 3 ) 2 .6H 2 0) (BDH Chemicals) in acetone was prepared, and fed to 
a 50 ml particle formation apparatus similar to that shown in Figure 1 , using a three-passage nozzle. The operating con- 
ditions were 100 bar and 35°C, a solution flow rate of 0.2 ml/min through the intermediate nozzle passage and a super- 
critical C0 2 flow rate through the outer and inner nozzle passages of 9 ml/min. The product obtained was a free-flowing 
pink powder. 



Example 12 

Preparation of Nickel Chloride He xahYdrate 



This example again illustrates the preparation of an inorganic compound using the method of the invention. 

A 0 85% w/v solution of nickel chloride hexahydrate, NiCI 2 .6H 2 0 (Sigma Chemicals) in absolute ethanol was intro- 
duced into a 32 ml particle formation vessel using a three-passage nozzle. The operating conditions were 100 bar and 
60°C, a solution flow rate of 0.3 ml/min in the intermediate nozzle passage and a supercritical C0 2 ftow rate (in the inner 
and outer nozzle passages) of 6.5 ml/min. The product collected was a very fine, free flowing powder. 



Example 13 

Enhancement of Purity o f a Particulate Product 

This example shows how the method of the invention may be used to enhance the purity of a particulate product, 
on precipitation of the product from a solution containing impurities. 

0 2022 g of salmeterol xinafoate was mixed with 0.0242 g of salicylic acid, analar grade (BDH Chemicals Ltd. UK) 
(the "impurity"), dissolved in 60 ml of absolute ethanol and fed to a 50 mi particle formation vessel through a two-pas- 
sage nozzle. The operating conditions were 200 bar and 50°C; a solution (1 0.69% w/w salicylic acid in salmeterol) flow 
rate of 0.3 ml/min; and a supercritical C0 2 flow rate of 9 ml/min. 

The product, a white fluffy powder, was collected and analysed using HPLC. The analysis was earned out utilising 
a Pye Unicam PU4015 HPLC system (Pye Unlearn Ltd. UK), and a column 150 x 4.6 mm packed with 5 micron 
Spherisorb ODS2 (Jones Chromatography, UK). The mobile phase consisted of acetonrtrile. 0.1M aqueous ammonium 
acetate and 0.1M aqueous sodium dodecyl sulphate (525454 v/v) and the pH was adjusted to 3.8 with glacial acetic 
acid The flow rate of the mobile phase was 2.0 ml/min. The injection volume of the sample solutions prepared (5 mg/ml 
± 0.5 mg concentration) was 20 ul and the UV detector was set at 278 nm and the integrator (Hewlett Packard 

HP3394A) at an attenuation of 8. 

Figure 37 is an HPLC chromatogram for the pure salmeterol xinafoate used in the experiment Figure 38 is an 
HPLC chromatogram for the pure salicylic acid used. Figure 39 is an HPLC chromatogram for the salmeteroi/salicylic 
acid solution fed into the particle formation vessel, and Figure 40 an HPLC chromatogram for the product obtained 
through carrying out the method of the invention. 

Figures 39 and 40 reveal a significant improvement following use of the method of the invention, in the purity of the 
salmeterol xinafoate. and an important reduction in the salicylic acid concentration from 10.69% w/w to less than 0.8% 
w/w. This confirms the ability of the technique provided by the invention to extract, selectively, one or more impurities 
from a sample and hence to enhance the purity of a desired particulate product 



Example 14 



Preparation of Lactose 



In this example, the method of the invention was used to prepare lactose, but using two vehicles instead of one. 
Lactose is a water-soluble sugar, but water would be unsuitable as the only vehicle because it is insoluble in. and hence 
could not be extracted into, supercritical C0 2 - Instead, a solution of lactose in a relatively small amount of water and a 
relatively large amount of a second vehicle, methanol, which is both miscible with water and soluble in supercritical 
C0 2 was used. The solution was introduced with supercritical C0 2 through a three-passage nozzle. It is thought that 
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the misciWe water and methanol are extracted together Into the supercritical C0 2 , despite the insolubility of water in the 
supercritical fluid. 

0.3 g of alpha-lactose monohydrate was dissolved in 2 ml de-ionised water, 98 ml of methanol was added to the 
aqueous solution and introduced into a 32 ml particle formation vessel through a three-passage nozzle. The operating 
5 conditions were 270 bar and 70°C, a solution flow rate (in the intermediate nozzle passage) of 0.5 ml/min and a super- 
critical C0 2 flow rate (in the inner and outer passages) of 7.5 ml/min. The product (a fine white powder) was collected 
at the end of the experiment. An SEM micrograph and XRD pattern for the product are shown in Figures 41 and 42 
respectively. 

In another similar experiment, a 0.5% w/v solution of alpha-lactose monohydrate in methanol: water (95:5 v/v) was 
io prepared and delivered to a 50 ml high pressure particle formation vessel via a two-passage nozzle. The working con- 
ditions were 1 50 bar and 50°C, with a flow rate of 0.7 ml/min for the solution and 9 ml/min for the supercritical C0 2 . The 
collected product was a free flowing, fine white powder. Figures 43 and 44 show an SEM micrograph and XRD pattern 
respectively for this product. 

The SEM micrographs reveal a marked difference in the shape of the lactose particles prepared under the different 
75 operating conditions. The XRD patterns indicate the crystalline nature of the products. 

Lactose is commonly used as a carrier for pharmaceuticals, in particular for drugs to be delivered by inhalation 
methods, it is thus extremely useful to be able to use the method of the present invention to prepare lactose particles 
in a controlled manner, despite the difficulty of dissolving lactose in organic solvents. 

20 Example 15 

Preparation of Protein Particles 

In this example, the method of the invention was used to prepare the water-soluble protein R-TEM beta lactamase, 
25 again using two vehicles but in a different manner. An aqueous protein solution was co-introduced into a particle forma- 
tion vessel with a second vehicle, ethanol, which is both miscible with water and soluble in supercritical C0 2 . The two 
fluids were introduced, with the supercritical C0 2 , through a three-passage nozzle, in such a way that contact between 
the aqueous solution and the ethanol, dispersion of the solution and the ethanol and extraction of the water and the eth- 
anol all occurred substantially simultaneously. It is thought that the aqueous solution and the ethanol "mixed" on con- 
so tact, and that the water and ethanol were then extracted together into the supercritical C0 2 , despite the insolubility of 
water in the supercritical fluid. 

A 0.25% w/v solution of R-TEM beta-lactamase (kindly provided by the Centre for Applied Microbiology, Porton 
Down, Salisbury SP4 0JG, batch number 1 TEM 1 L88) in de-ionised water was fed to a 32 ml particle formation vessel 
via the inner passage of a three-passage nozzle, at a flow rate of 0.04 ml/min. Absolute ethanol was co-introduced 
35 through the intermediate nozzle passage at a rate of 0.4 ml/min and supercritical C0 2 through the outer passage at a 
rate of 8 ml/min. 

Here, the use of a three-passage nozzle allowed the aqueous protein solution to be mixed with the ethanol imme- 
diately prior to dispersion of the two vehicles by the supercritical fluid. The contact time between the aqueous and the 
organic fluids was so short that the risk of protein unfolding or denaturing was minimal. 
40 The particulate product formed retained substantial enzymatic activity when tested colorimetricaliy using the chro- 
mogenic cephalosporin Nitrocefin (Oxoid, Unipath Limited, Basingstoke, Hampshire, England) and the assay method 
of O'Callaghan [O'Callaghan, C.H.. Morris, A.. Kirby, S. and Shingler, A.H., Arrtimicrobial Agents and Chemotherapy 
Vol. 1 , pp 283-288 (1972)]. This illustrates the use of the method and apparatus of the invention in preparing particulate 
protein products in a controlled manner, even where the proteins are insoluble in organic solvents. 

45 

Example 16 

Preparation of a Safmeterol Xinafoate and Polymer Matrix (Alternative Method) 

so A similar experiment to Example 10 was carried out, but using a three-passage nozzle to co-introduce separate 
solutions of the salmeterol xinafoate and hydroxypropylcellulose, so as to allow mixing of the two components immedi- 
ately prior to particle formation. 

Two separate solutions in acetone were prepared: hydroxypropylcellulose (Klucel SL) at 0.05% w/v and salmeterol 
xinafoate at 0.45% w/v. These were co-introduced with supercritical C0 2 into a 32 ml particle formation vessel. The 
55 working conditions were 1 20 bar and 60°C. The flow rates were 9 ml/min for the C0 2 (inner nozzle passage) ; 0.2 ml/min 
for the polymer solution (intermediate passage); and 0.2 ml/min for the salmeterol solution (outer passage). 

This use of the three-passage nozzle allows the two reactants (drug and polymer) to be rapidly mixed in situ prior 
to their dispersion by the supercritical fluid. 
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10 



A white fluffy powder was obtained as a product. A product of similar appearance was obtained using a 0.1% w/v 
solution of hydroxypropylcellulose and a 0.4% w/v solution of salmeterol xinafoate. Figures 45 and 46 are XRD patterns 
tor the first and second products respectively. Increasing disturbance of the crystalline salmeterol xinafoate can be seen 
with increasing polymer content, conf irming the inclusion of the polymer matrix material into the product 

The XRD patterns are comparable to those obtained in Example 10. This supports the belief that rapid mixing of 
the two materials takes place in situ, before dispersion by the supercritical fluid, when using the three-passage nozzle 
in this way. 

Example 17 

Reproducib ility of the Invent 



|]iL»il 



Two different solutions of salmeterol xinafoate in acetone (0.6% w/v) were made. Each solution was co-introduced 
with C0 2 at 300 bar and 35°C via a coaxial nozzle into apparatus of the type shown in Figure 1 , on two different days. 
is The flow rates used were 0.2 ml/mi n for the salmeterol solution and 6 ml/min for the supercritical C0 2 . The crystallised 
salmeterol xinafoate provided from each solution was examined for particle size, size distribution, crystal shape and 
twin impinger performance. 

Particle siz e and distribution _ _ 

20 The particle size and distribution was determined by laser diffraction (Malvern Mastersizer). see Table 5. 



25 
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Table 5 





Mean Particle Size 
(Microns) 


%<5 microns 


%<10 microns 


Uniformity Index 


i SSampleA 


7.2 


31.6 


67.8 


9 


SSampleB 


7.7 


28.3 


64.5 


9 



b) Crystal shape 

The crystal shape was examined by SEM, see Figures 47 and 48. 



35 



40 



45 



50 



c) Twin li.i^ s? — ■ 

The particle size distribution of the salmeterol xinafoate may be measured using conventional techniques, for 
example by laser diffraction or by the "Twin Impinger" analytical process. As used herein reference to the Twin 
Impinger- assay means "Determination of the deposition of the emitted dose in pressurised inhalations using appa- 
ratus A", as defined in British Pharmacopoeia 1988. pages A202-207. Appendix XVII C, as applied to a dry powder 
inhalation formulation. Such techniques enable the "respirable fraction" of the particulate substance to be calcu- 
lated. As used herein reference to "respirable fraction" means the amount of active ingredient collected in the lower 
impingement chamber per actuation expressed as a percentage of the total amount of active ingredient delivered 
per actuation using the twin impinger method described above. 

in this experiment, a small quantity of drug was filled into each blister of a 4-blister dry powder pack 
(Rotadisk™)- The contents of each blister were emptied, via a dry powder inhaler device (Diskhaler™), into the Twin 
Impinger apparatus set to an airflow rate of 60 litres per minute. Each stage of the Twin Impinger apparatus con- 
tained a quantity of dissolving agent, methanol (stage 1. 7ml and stage 2, 30ml). The blister and inhaler device 
were washed with methanol and the resultant solution made up to 50ml. The stage 1 of the Twin Impinger appara- 
tus was washed with methanol and the resultant solution made up to 1 00ml. The stage 2 of the Twin Impinger appa- 
ratus was washed with methanol and the resultant solution made up to 100ml. The solutions were diluted by 10:1 
with methanol. The diluted solutions were assayed by UV spectrophotometry and the quantity of drug delivered to 
each stage of the Twin Impinger apparatus was calculated. The results are shown in Table 6. 



55 
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Table 6 





Drug Deposition as a % of 
Total Drug Recovered 


Sample 


Device 


Stage 1 


Stage 2 


Conventionally crystallised salmeterol xinafoate (micronised) 


17.0 


72.8 


10.2 


Salmeterol xinafoate prepared according to the present invention, Sample A 


24.4 


57.6 


18.0 


Salmeterol xinafoate prepared according to the present invention, Sample B 


20.7 


56.2 


23.1 



The stage 2 deposition represents the fine particle mass (respirable dose) reaching the deep lung. Salmeterol xin- 
afoate prepared using the present invention shows superior stage 2 deposition. This indicates the improved flow proo- 
fs erties, fluid isabilrty and reduced static of the supercritical fluid crystallised salmeterol xinafoate. 

An interesting feature of the drug prepared using the present invention is that the supercritical fluid crystallized sal- 
meterol xinafoate with a particle size greater than that of conventionally crystallized salmeterol xinafoate (micronised) 
gives higher deposition (respirable dose) in the stage 2 of the Twin Impinger. 

The results from the particle size analysis, crystal shape and Twin Impinger show that the process of the invention 
20 is essentially reproducible when using the same crystallising parameters. 

The above examples show how the apparatus and method of the present invention can be used to produce partic- 
ulate products of various types in a highly controlled manner. It will be appreciated that the invention can have much 
wider applications, including for instance: 

to produce controlled size and shape particles of products for use in the pharmaceutical, photographic, ceramics, 
explosives/propel lants, dyestuffs and food industries and others, especially of products which decompose or are 
otherwise compromised when subjected to conventional particle formation and milling techniques. 

to produce solid, stable forms of molecules and macromolecules which are difficult to process or freeze dry (e.g. 
proteins, peptides and polymers generally). 

to produce a particular polymorphic form of a compound or to separate and/or enrich mixtures of isomers (including 
optical isomers) or polymorphs. 

35 * to purify drugs and other products, by removal of trace impurities (including solvents) using controlled selective pre- 
cipitation (i e. using the invention to precipitate the impurities themselves). 

to coat substrates in a controlled manner, including with thin film liquid coatings. 

to control "doping" of compounds in products based on crystal lattices, or to produce intimate blends of two or more 
products. 

* to prepare completely new phases or materials under conditions not achievable using conventional particle forma- 
tion techniques. 

Claims 

1 . Apparatus for use in the formation of a particulate product, the apparatus comprising a particle formation vessel (6) 
and inlet means (20) for the co-introduction, into the vessel, of a supercritical fluid and a solution or suspension of 
at least one substance in a vehicle, the inlet means comprising a first passage (31) for introduction of the supercrit- 
ical fluid and a second passage (41) for introduction of the solution or suspension, the first and second passages 
and their respective outlets (33, 43) being arranged relative to one another such that, in use, supercritical fluid intro- 
duced through the first passage and solution or suspension introduced through the second passage both enter the 
particle formation vessel at the same point, which is substantially the same as the point at which they meet and 
such that the flow of supercritical fluid can act to disperse the solution or suspension at the point where the fluids 
meet and enter the particle formation vessel; 

the apparatus further comprising means (7) for controlling the temperature in the vessel and means (8) for con- 
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trolling the pressure in the vessel as the solution or suspension and the supercritical fluid are introduced; 
wherein the inlet means comprises a coaxial nozzle (20), the outlet end of which communicates with the inte- 
rior of the particle formation vessel, the nozzle having coaxial passages (31 , 41) which terminate adjacent to 
one another at the outlet end. 

5 

2. Apparatus according to claim 1 , additionally comprising means (21) for the collection and/or retention of the partic- 
ulate product in the particle formation vessel. 

3. Apparatus according to claim 1 or claim 2, wherein the nozzle has three coaxial passages, an inner (51), an inter- 
10 mediate (61) and an outer (71). 

4. Apparatus according to any one of the preceding claims, additionally comprising means for recovering the fluid mix- 
ture remaining after particle formation, from the particle formation vessel; means for separating the components of 
the mixture; and optionally means for recycling one or more of said components back into the apparatus. 

15 

5. Apparatus according to any one of the preceding claims, comprising more than one particle formation vessel and/or 
more than one means for the collection of the particulate product either in the particle formation vessel or down- 
stream therefrom, to allow for substantially continuous operation of the apparatus through switching from one par- 
ticle formation vessel or collection means to another as required. 

20 

6. Apparatus according to any one of the preceding claims, wherein the opening at the outlet end of the nozzle has a 
diameter in the range of 0.05 to 2mm. 

7. Apparatus according to any one of the preceding claims, wherein the angle of taper at the outlet end of the nozzle 
25 is approximately 30°. 

8. Method for the formation of a particulate product, in which a supercritical fluid and a solution or suspension of at 
least one substance in a vehicle are introduced into a particle formation vessel (6) through respective inlet pas- 
sages (31 , 41), the solution or suspension being dispersed in the vessel (6) and the supercritical fluid acting on the 

30 dispersion to extract the vehicle and cause precipitation of particles containing said substance, 
characterised in that 

(a) the flows of the supercritical fluid and the solution or suspension both enter the vessel (6) from said pas- 
sages (31 , 41) at the same point, which is substantially the same as the point at which they meet; 
35 (b) the inlet means is arranged such that the shearing action of the supercritical fluid flow ensures dispersion 

of the solution or suspension, and that the supercritical fluid can simultaneously extract the vehicle from the 
solution or suspension, at the point where the fluids meet; 

(c) the pressure and temperature are controlled in the vessel (6) so as to allow particle formation to occur in 
the vessel at said point where the fluids meet; and 
40 (d) the supercritical fluid is fed into the inlet means at a high flow rate compared to that of the vehicle. 

9. Method according to claim 8, wherein the fluids are co-introduced into the particle formation vessel (6) using a 
coaxial nozzle (20) the outlet end of which communicates with the interior of the vessel, the nozzle having coaxial 
passages (31 . 41) which terminate adjacent to one another at the outlet end. at least one of the passages serving 

45 to carry a flow of the supercritical fluid and at least one of the passages serving to carry a f tow of the solution or 
suspension. 

10. Method according to claim 8 or claim 9. additionally comprising controlling one or more of: the flow rate of the 
supercritical fluid and/or the solution or suspension; and the concentration of the substance(s) in the solution or 

so suspension. 

1 1 . Method according to any one of claims 8-10, wherein the ratio of the solution or suspension flow rate to the super- 
critical fluid flow rate is between 0.001 and 0.1 . 

55 1 2. Method according to any one of claims 8-1 1 . wherein the supercritical fluid contains one or more modifiers. 
13. Method according to any one of claims 8-12, wherein the product to be formed is a pharmaceutical compound. 
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14. Method according to any one of claims 8-13, additionally comprising the step of recovering and optionally recycling 
the vehicle and/or the supercritical fluid following particle formation. 

Patentanspruche 

1. Vorrichtung zur Verwendung bei der Bildung eines Produkts in Form von Teilchen, wobei die Vorrichtung ein Teil- 
chenbildungsgefaB (6) und EinlaBmittel (20) zum gleichzertigen Einbringen eines Oberkritischen Fluids und einer 
Losung oder Suspension zumindest einer Substanz in einem Vehikel in das GefaB umfaBt, wobei das EinlaBmittel 
einen erst en Durchgang (31) zum Einbringen des Oberkritischen Fluids und einen zweiten Durchgang (41) zum 
Einbringen der Losung oder Suspension umfaBt wobei der erste und der zweite Durchgang und ihre jeweiligen 
Auslasse (33, 43) relativ zueinander so angeordnet sind, daB durch den ersten Durchgang eingebrachtes uberkri- 
tisches Fluid und durch den zweiten Durchgang eingebrachte LOsung oder Suspension in Betrieb beide am glei- 
chen Punkt in das TeilchenbildungsgefaB eintreten, der im wesentiichen der gleiche Punkt wie jener ist, wo sie 
einander treffen, und zwar so, daB der FluB des Oberkritischen Fluids bewirken kann, daB die Losung oder Sus- 
pension an dem Punkt, wo die Fluids einander treffen und in das TeilchenbildungsgefaB eintreten, dispergiert wind; 

wobei die Vorrichtung weiters Mittel (7) zum Reguiieren der Temperatur im GefaB und Mrttel (8) zum Regulie- 
ren des D rucks im GefaB umfassen, wenn die Losung oder Suspension und das Qberkritische Ruid einge- 
bracht werden, worin das EinlaBmittel etne koaxiale Duse (20) umfaBt, deren AuslaBende mrt dem Inneren des 
TeilchenbildungsgefdBes kommuniziert, wobei die Duse koaxiale Durchgange (31, 41) aufweist, die am Aus- 
laBende nebeneinander enden.. 

2. Vorrichtung nach Anspruch 1 , die zusatzlich Mittel (21 ) zum Sammeln und/oder Zuruckharten des Teilchenprodukts 
im TeilchenbildungsgefaB umfaBt. 

3. Vorrichtung nach Anspruch 1 oder 2, worin die Duse drei koaxiale Durchgange, einen inneren (51). einen mittleren 
(61) und einen auBeren (71), aufweist. 

4. Vorrichtung nach einem der vorangegangenen Anspruche, die zusatzlich Mrttel zum Zuruckgewinnen des nach der 
Teilchenbildung zuruckWeibenden Fluidgemischs aus dem TeilchenbildungsgefaB; Mittel zum Trennen der Kompo- 
nenten des Gemischs; und gegeben entails Mittel zum Zuruckfuhren einer oder mehrerer der Komponenten in die 
Vorrichtung umfaBt. 

5. Vorrichtung nach einem der vorangegangenen Anspruche, umfassend mehr als ein TeilchenbildungsgefaB 
und/oder mehr als ein Mittel zum Sammeln des Teilchenprodukts entweder im TeilchenbildungsgefaB oder stromab 
davon, um den im wesentiichen korrtinuierlichen Betrieb der Vorrichtung durch Umscharten von einem Teilchenbil- 
dungsgefaB Oder Sammelmittel zu einem anderen zu ermoglichen, falls erforderlich. 

6. Vorrichtung nach einem der vorangegangenen Anspruche. worin die Offnung am AuslaBende der Duse einen 
Durchmesser im Bereich von 0,05 bis 2 mm aufweist 

7. Vorrichtung nach einem der vorangegangenen Anspruche, worin der Verjungungswinkel am AuslaBende der DOse 
etwa 30° betragt 

8. Verfahren zur Bildung eines Teilchenprodukts, bei dem ein uberkritisches Fluid und eine Losung oder Suspension 
zumindest einer Substanz in einem Vehikel Ober jeweilige EintaBdurchgdnge (31, 41) in ein TeilchenbildungsgefaB 
(6) eingebracht werden, wobei die Losung oder Suspension im GefaB (6) dispergiert wind und das Qberkritische 
Fluid so auf die Dispersion einwirkt, daB es das Vehikel extrahiert und Fallung von Teilchen bewirken, die die Sub- 
stanz enthalten, 

dadurch gekennzeichnet, daB 

(a) die StrOme des Oberkritischen Fluids und der LOsung oder Suspension aus den Durchgangen (31, 41) 
beide am gieichen Punkt in das GefaB (6) eintreten, der im wesentiichen der gleiche wie der Punkt ist, an dem 
sie einander treffen; 

(b) das EinlaBmittel so angeordnet ist, daB die Scherwirkung des Stroms des Oberkritischen Fluids die Disper- 
sion der LOsung oder Suspension gewahrleistet und daB das Oberkritische Fluid an dem Punkt wo die Fluids 
einander treffen, gleichzeitig das Vehikel aus der Losung oder Suspension extrahieren kann; 

(c) der Druck und die Temperatur im GefaB (6) so reguliert werden, daB an dem Punkt, wo die Fluids einander 
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treffen. Teilchenbildung ermOglicht wird; und 

(d) das Oberkritische Fluid dem BnlaBmrttel mit einer im Vergleich zu jener des Vehikels hohen StrOmungsge- 
schwindigkeit zugefOhrt wird. 

9 Verfahren nach Anspruch 8, worin die Fluids gleichzeitig in das TeilchenbildungsgefaB (6) eingebracht werden 
wobei eine koaxiale Duse (20) verwendet wird, deren AuslaBende mit dem Inneren des GefaBes kommuniziert. 
wobei die Duse koaxiale Durchgange (31. 41) aufweist. die nebeneinander am AuslaBende end en. wobei zumin- 
dest einer der Durchgange dazu dient. einen Strom des uberkritischen Ruids zu leiten. und zumindest einer der 
Durchgange dazu dient. einen Strom der LOsung oder Suspension zu leiten. 

10 Verfahren nach Anspruch 8 Oder 9. das zusatzlich die Regulierung eines oder mehrerer folgender Faktoren umfaBt: 
der Stromungsgeschwindigkeit des uberkritischen Ruids und/oder der LOsung oder Suspension; und die Konzen- 
tration der Substanz(en) in der LOsung oder Suspension. 

1 1 Verfahren nach einem der Anspruche 8 bis 10. worin das Verhaltnis zwischen der Stromungsgeschwindigkeit der 
LOsung Oder Suspension und der Stromungsgeschwindigkeit des Oberkrifjschen Fluids zwischen 0.001 und 0.1 
liegt. 

12. Verfahren nach einem der Anspruche 8 bis 1 1. worin das Oberkritische Fluid einen oder mehrere Modifikatoren ent- 

hatt. 

13. Verfahren nach einem der Anspruche 8 bis 12. worin das zu bildende Produkt eine pharmazeutische Verbindung 

ist. 

14 Verfahren nach einem der Anspruche 8 bis 13. das zusatzlich den Schrrtt der ROckgewinnung und gegebenenfalls 
des Zuruckfuhrens des Vehikels und/oder des Qberkritischen Fluids nach der Teilchenbildung umfaBt. 

Revendications 

1 Appareil servant a la formation tfun produit sous forme de particules. lappareil comprenant un recipient de forma- 
tion de particules (6) et un moyen d'entree (20) pour rintroduction conjointe dans le recipient d un f luide supercr.ti- 
que et dune solution ou suspension d'au moins une substance dans un vehicule. le moyen d'entree comprenant 
un premier passage (31) pour rintroduction du fluids supercritique et un deuxieme passage (41) pour I ir^oducton 
de la solution ou de la suspension, le premier et le deuxieme passages et leurs sorties respectives (33. 43) etant 
disposees relativement rune par rapport a rautre de telle maniere que. en fonctionnement. le f luide supercritique 
introduit a travers le premier passage et la solution ou la suspension introduite a travers le deuxieme passage 
penetrant tous deux dans le recipient de formation de particules au meme point, qui est substantial ement le meme 
que le point auquel its se rencontrent et tel que lecoulement du fluids supercritique peut agir pour disperser la solu- 
tion ou la suspension au point ou les fluides se rencontrent et penetrent dans le recipient de formation de particu- 
les- l appareil comprenant en outre un moyen (7) pour controler la temperature dans le recipient et un moyen (8) 
pour contrOler la pression dans le recipient durant rintroduction de la solution ou de la suspension etduf luide 
supercritique dans lequel le moyen d'entree comprend une tubulure coaxiale (20). dont I'extremite de I orifice de 
sortie communique avec llnterieur du recipient de formation de particules. la tubulure ayant des passages 
coaxiaux (31 , 41) qui aboufesent dans des positions adjacentes a rextremite de roriftee de sortie. 

2. Appareil suivant la revendteation 1 . comprenant en plus un moyen (21) de collects et/ou de retention du produit 
sous forme de particules dans le recipient de formation de particules. 

3. Appareil suivant la revendteation 1 ou 2. dans lequel la tubulure possede trois passages coaxiaux. un passage inte- 
rieur (51), un passage intermediaire (61) et un passage exterieur (71). 

4 Appareil suivant l une quelconque des revendications precedentes. comprenant en plus un moyen pour recuperer 
le melange de fluides restart dans le recipient de formation de particules apres la formation des particules un 
moyen pour separer les composants du melange et. en option, un moyen pour recycler un ou plus.eurs desdits 
composants pour les renvcyer dans I'appareil. 

5 Appareil suivant I'une quelconque des revendications precedentes. comprenant plus d'un recipient de formation de 
particules et/ou plus d'un moyen de collecte du produrt sous forme de particules soil dans le recipient de formation 
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de particules sort en aval de celui-ci, afin de permettre le fonctionnement sensiblement continu de I'appareil par 
commutation d'un recipient de formation de particules ou d'un moyen de collecte sur un autre selon necessite. 

6. Appareil suivant Tune quelconque des revendications precedentes, dans lequel louverture a I'extremite de Torrf ice 
de sortie de la tubulure a un diametre dans la plage de 0,05 a 2 mm. 

7. Appareil suivant Tune quelconque des revendications precedentes, dans lequel Tangle de conicite a I'extremite de 
I'orrf ice de sortie de la tubulure est d'approximativement 30°. 

8. Procedg pour la formation d'un produit sous forme de particules. dans lequel un fluide supercritique et une solution 
ou une suspension d'au moins une substance dans un vehicule sont introduits dans un recipient de formation de 
particules (6) a travers des passages d'entree respectifs (31 , 41), la solution ou la suspension etant dispersee dans 
le recipient (6) et le fluide supercritique agissant sur la dispersion pour extraire le vehicule et provoquer la precipi- 
tation des particules contenant ladite substance, caracterise en ce que (a) les ecoutements du fluide supercritique 
et de la solution ou de la suspension penetrent tous deux dans le recipient (6) par lesdits passages (31, 41) au 
m§me point, qui est sensiblement le mfime que le point auquel ils se rencontrent; (b) le moyen d'entree est dispose 
de telle fagon que faction de cisaillement de recoupment du fluide supercritique assure la dispersion de la solution 
ou de la suspension et que le fluide supercritique extrart simuttanement le vehicule de la solution ou de la suspen- 
sion au point ou les f luides se rencontrent; (c) la pression et la temperature sont contrdlees dans le recipient (6) de 
fagon a permettre a la formation de particules de se produire dans le recipient audit point ou les f luides se rencon- 
trent; et (d) le fluide supercritique est introduit dans le moyen d'entree a un debit eleve en comparaison avec celui 
du vehicule. 

9. Proced6 suivant la revendication 8, dans lequel les f luides sont introduits conjointement dans le recipient de forma- 
tion de particules (6) a I'aide d'une tubulure coaxiale (20) dorrt rextremite de I'orif ice de sortie communique avec 
I'interieur du recipient, la tubulure ayant des passages coaxiaux (31, 41) qui aboutissent dans des positions adja- 
centes a I'extremite de ( orifice de sortie, au moins un des passages servant a transporter un ecoulement du fluide 
supercritique et au moins un des passages servant a transporter un ecoulement de la solution ou de la suspension. 

10. Precede suivant la revendication 8 ou la revendication 9, comprenant en plus le controls cfune grandeur ou plus 
parmi: le debit du fluide supercritique et/ou de la solution ou de la suspension; et la concentration de la ou des 
substances dans la solution ou la suspension. 

11. Precede suivant Tune quelconque des revendications 8-10, dans lequel le rapport du debit de la solution ou de la 
suspension sur le debit du fluide supercritique est compris entre 0,001 et 0,1 . 

12. Precede suivant Tune quelconque des revendications 8-11, dans lequel le fluide supercritique contient un ou plu- 
sieurs agents mocfrf icateurs. 

13. Precede suivant Tune quelconque des revendications 8-12, dans lequel le produit a former est un compose phar- 
maceutique. 

14. Precede suivant Tune quelconque des revendications 8-13, comprenant en plus Petape de recuperer et, a titre 
optionnel, de recycler le vehicule et/ou le fluide supercritique apres la formation des particules. 
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Fig.26. 
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Fig.27. 
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FIG.34. 
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